Aerosols have significantly affected health, environment, and climate in Europe. Aerosol concentrations have been declining since the 1980s in Europe, mainly owing to a reduction of local aerosol and precursor emissions. Emissions from other source regions of the world, which have been changing rapidly as well, may also perturb the historical and future trends of aerosols and change their radiative impact in Europe. This study examines trends of aerosols in Europe during 1980-2018 and quantifies contributions from 16 source regions using the Community Atmosphere Model version 5 with Explicit Aerosol Source Tagging (CAM5-EAST). The simulated near-surface total mass concentration of sulfate, black carbon, and primary organic carbon had a 62 % decrease during 1980-2018. The majority of which was contributed to reductions of local emissions in Europe, and 8 %-9 % was induced by a decrease in emissions from Russia-Belarus-Ukraine. With the decreases in the fractional contribution of local emissions, aerosols transported from other source regions are increasingly important for air quality in Europe. During 1980-2018, the decrease in sulfate loading led to a warming effect of 2.0 W m −2 in Europe, with 12 % coming from changes in non-European sources, especially from North America and Russia-Belarus-Ukraine. According to the Shared Socioeconomic Pathways (SSP) scenarios, contributions to the sulfate radiative forcing over Europe from both local European emissions and non-European emissions should decrease at a comparable rate in the next 3 decades, suggesting that future changes in non-European emissions are as important as European emissions for caus-ing possible regional climate change associated with aerosols in Europe.
Introduction
Aerosols are the main air pollutants that contribute to excess morbidity and premature mortality by damaging cardiovascular and respiratory systems (Lelieveld et al., 2019) . They also have adverse effects on atmospheric visibility for road and air traffic (Vautard et al., 2009) . During the 1952 London Great Smog, air pollution associated with extremely high level of aerosols caused thousands of premature deaths (Bell and Davis, 2001) , which resulted in a number of air quality legislative changes for reducing air pollution in Europe (Brimblecombe, 2006) .
Besides the health and environment effects, aerosols can significantly impact regional and global climate by perturbing the Earth's radiation fluxes and influencing cloud microphysics (Boucher et al., 2013) . Globally, anthropogenic aerosols exert a net cooling effect in the Earth system and have dampened the warming driven by greenhouse gases since the preindustrial era. Due to a strong surface albedo feedback over polar regions, the per unit aerosol emission from western Europe was reported to have a greater cooling effect than any other major source regions of the globe (Persad and Caldeira, 2018) , revealing the importance of understanding aerosol variations in Europe.
Significant reductions in near-surface aerosol concentrations and aerosol optical depth (AOD) have been observed in Europe during the last few decades from long-term station measurements and satellite retrievals (de Meij et al., 2012; Tørseth et al., 2012) . The decrease in aerosols has been considered as a cause of the increase in surface solar radiation over Europe since the 1980s (Wild, 2009) , as well as a contributor to the eastern European warming (Vautard et al., 2009) , Arctic amplification (Acosta Navarro et al., 2016) , and increased atmospheric visibility over Europe (Stjern et al., 2011) during the past 3 decades.
The decrease in aerosols over Europe was mainly attributed to continuous reductions in local European anthropogenic emissions of aerosols and precursor gases since the 1980s (Smith et al., 2011) , which are a result of legislation for improving air quality. In addition to local emissions, aerosol levels can also be affected by aerosol transport at continental scales (Zhang et al., 2017; Yang et al., 2018a) . Aerosol emissions in major economic regions of the world have been changing rapidly during the past few decades owing to economic development and environmental measures. North America has started reducing emissions since the 1980s, and emissions in Russia also showed decreasing trends after the dissolution of the Soviet Union (Smith et al., 2011) . In the meantime, aerosol emissions from East Asia and South Asia have largely increased due to economic growth, although emissions in China have been undergoing a remarkable reduction in recent years as a result of strict air quality regulations (Streets et al., 2000; Li et al., 2017) . It is important to understand the relative roles of local emissions and regional transport in affecting long-term variations in aerosols in Europe from both air quality and climate perspectives.
Source apportionment is useful for quantifying contributions to aerosols from specific source regions and/or sectors and is beneficial to the emission control strategies. The traditional method of examining the source-receptor relationship in aerosol models is to zero out or perturb a certain percent of emissions from a given source region or sector in parallel sensitivity simulations along with a baseline simulation, and it has been used in many studies to examine source contributions of particulate matter (PM) in Europe from different sectors (e.g., Sartelet et al., 2012; Tagaris et al., 2015; Aksoyoglu et al., 2016) . Recently, source region contributions to European CO and O 3 levels, as well as global and regional aerosol radiative forcing, were examined under the Hemispheric Transport of Air Pollution model experiment phase 2 (HTAP2) protocol, in which sensitivity simulations were conducted with reductions in anthropogenic emissions from different source regions by 20 % (Stjern et al., 2016; Jonson et al., 2018) . This method suffers from a large computational cost for the excessive model simulations when estimating contributions from a large number of sources, and contributions from all sources do not sum up to 100 % of the total concentration in the default simulation (Koo et al., 2009; Wang et al., 2014) .
The explicit aerosol tagging method, which simultaneously tracks contributions from many different sources, is a useful tool for assessing the source-receptor relationship of aerosols. This method has previously been adopted in regional air quality models such as CAMx (the Comprehensive Air quality Model with Extensions) and CMAQ (the Community Multiscale Air Quality model). Using regional air quality models with aerosol tagging, contributions from different source sectors and local/regional sources to European PM and its health impact were studied (Brandt et al., 2013; Skyllakou et al., 2014; Karamchandani et al., 2017) . However, due to the limitation in domain size of regional air quality models, contributions of intercontinental transport from sources outside the domain are difficult to account for.
Anthropogenic emissions of aerosols and their precursor gases from different economic regions of the world have changed substantially during the past few decades. Very few studies have examined the source apportionment of aerosols in Europe coming from sources all over the changing world. In this study, source attributions of concentrations, column burden, optical depth of aerosols in four major areas of Europe from 16 source regions of the globe over 1980-2018 are quantified. This is facilitated by the explicit aerosol source tagging technique that was recently implemented in a global aerosol-climate model (CAM5-EAST; Community Atmosphere Model version 5 with Explicit Aerosol Source Tagging). This technique has lately been used to examine the source attribution of aerosol trends in China and the United States during 1980-2014 (Yang et al., 2018a, b) . The source apportionment analysis is extended to the year 2018 using the Shared Socioeconomic Pathways (SSPs) scenario, with a focus on Europe here.
The CAM5-EAST model, along with the aerosol source tagging technique, and aerosol emissions are described in Sect. 2. Section 3 evaluates the model performance in simulating aerosols in Europe. Section 4 shows the analysis of source-receptor relationships of aerosols in Europe on a climatological average. Source contributions to long-term variations in European aerosols and their direct radiative forcing (DRF) during 1980-2018, as well as future forcing prediction, are provided in Sect. 5. Section 6 summarizes these results and conclusions.
Methods

Model description and experimental setup
The global aerosol-climate model CAM5 (Community Atmosphere Model version 5), which was developed as the atmospheric component of CESM (the Community Earth System Model; Hurrell et al., 2013) , is applied to simulate aerosols at a spatial resolution of 1.9 • latitude × 2.5 • lon-gitude, and 30 vertical layers from the surface to 3.6 hPa. Aerosol species, including sulfate, black carbon (BC), primary organic aerosol (POA), second organic aerosol (SOA), mineral dust, and sea salt, can be simulated in a modal aerosol module of CAM5. The three-mode aerosol module (MAM3) configuration is chosen with consideration for the computational efficiency of long-term simulation. Details of the MAM3 aerosol representation in CAM5 are described in Liu et al. (2012) . On top of the default CAM5, some aerosol-related scheme modifications are utilized to improve the model performance for aerosol convective transport and wet deposition (Wang et al., 2013) .
A 40-year (1979-2018) , historical Atmospheric Model Intercomparison Project (AMIP)-type simulation has been performed, following CMIP6 (the Coupled Model Intercomparison Project Phase 6) configurations and forcing conditions. Time-varying sea surface temperatures, sea ice concentrations, solar insolation, greenhouse gas concentrations, and aerosol emissions are prescribed in the simulation. To better reproduce large-scale circulation patterns for aerosol transport in the model, wind fields are nudged with the MERRA-2 (Modern-Era Retrospective analysis for Research and Applications, Version 2) reanalysis (Gelaro et al., 2017) .
Aerosol DRF is defined in this study as the difference in clear-sky radiative fluxes at the top of the atmosphere between two diagnostic calculations in the radiative transfer scheme, with and without specific aerosol species accounted for, respectively. Historical variations in sulfate DRF due to anthropogenic emissions from Europe and outside Europe are quantified in this study. Rather than sulfate, DRF of other aerosol species is not calculated in this study due to the computational limitation considering multiple source regions. However, because sulfate dominates the decrease in total combustion AOD in Europe, shown below, the sulfate DRF is calculated to roughly represent the DRF caused by the total combustion AOD change. Future DRF of sulfate aerosols over Europe is also estimated by scaling the historical mean sulfate DRF by the ratio of SSPs future SO 2 emissions (Riahi et al., 2017) to historical emissions and assuming a linear response of DRF to AOD and regional emissions. This DRF prediction method has been used to estimate the East Asian contribution to sulfate DRF in the United States in the 2030s (Yang et al., 2018a) .
Aerosol source tagging technique
The Explicit Aerosol Source Tagging (EAST) technique, which was recently implemented in CAM5 (Wang et al., 2014; Yang et al., 2017a, b) , is used to examine the longterm source apportionment of aerosols in Europe. Unlike the traditional back-trajectory and emission perturbation methods, EAST has the identical physical, chemical, and dynamical processes considered independently for aerosol species (defined as new tracers) emitted from each of the tagged source regions and/or sectors in the simulation. Sulfate, BC, POA, and SOA from predefined sources can be explicitly tracked, from emission to deposition, in one CAM5-EAST simulation. Due to the computational constraint and potentially large model bias from the simplified SOA treatment (Yang et al., 2018a) , we focus on sulfate, BC, and POA in this study but quantify the potential impact of SOA on the aerosol variation.
The global aerosol and precursor emissions are decomposed into 16 source regions defined in the HTAP2 protocol, including Europe (EUR), North America (NAM), Central America (CAM), South America (SAM), northern Africa (NAF), southern Africa (SAF), the Middle East (MDE), southeast Asia (SEA), central Asia (CAS), South Asia (SAS), East Asia (EAS), Russia-Belarus-Ukraine (RBU), Pacific-Australia-New Zealand (PAN), the Arctic (ARC), Antarctic (ANT), and non-Arctic/Antarctic ocean (OCN) ( Fig. 1 ). Note that sources from marine and volcanic eruptions are included in OCN. The focused receptor region in this study is Europe, which is further divided into northwestern Europe (NWE or NW Europe), southwestern Europe (SWE or SW Europe), eastern Europe (EAE or E Europe), and Greece-Turkey-Cyprus (GTC) based on the finer source region selection in HTAP2.
Aerosol and precursor emissions
Following the CMIP6-AMIP protocol, historical anthropogenic (Hoesly et al., 2018) and biomass burning (van Marle et al., 2017) emissions of aerosol and precursor gases are used for 1979-2014. For the remaining 4 years (2015) (2016) (2017) (2018) , emissions are interpolated from the SSP2-4.5 forcing scenario, in which aerosol pathways are not as extreme as other SSPs and have been used in many model intercomparison projects for CMIP6 (O'Neill et al., 2016) . Figure S1 in the Supplement shows the spatial distribution and time series of anthropogenic emissions of SO 2 (precursor gas of sulfate aerosol), BC, and POA from Europe for 1980-2018. High emissions are located over E Europe and NW Europe, from which the emissions of SO 2 , BC, and POA were reduced by 84 %-93 %, 43 %-62 %, and 28 %-36 %, respectively, in 2014-2018 relative to [1980] [1981] [1982] [1983] [1984] (Fig. 2) . data were available before 2010, and, therefore, any difference between model and observation cannot be smoothed out through the spatial average. This is also indicated by the large spatial variation in BC and OC concentrations before 2010. Nevertheless, the modeled concentrations are still within the range of observations. Note that the number of sites used for the spatial average in Fig. 3 is different from year to year, and thus the variation or trend here does not represent that over a subregion or the entire Europe.
The modeled AOD is evaluated against the AERONET (Aerosol Robotic Network; https://aeronet.gsfc.nasa.gov, last access: 27 February 2020) data in Fig. 8 . Both the modeled and observed AOD show decreasing trends during 2001-2018. The model underestimates AOD in all four subregions of Europe, probably due to the lack of nitrate aerosol. The variations in AOD in western Europe (combined NW and SW Europe) are well predicted, with R values of about 0.75, but the model barely reproduces the AOD variations in E Europe and the GTC region (R < 0.5). The difference in the interannual variation in AOD between the model simulation and observation can be caused by many factors such as aerosol emissions, aerosol parameterizations in the model, the aerosol mixing state, inaccurate meteorological fields from reanalysis data, and biases in measurements. However, identifying the contribution of each factor to the difference is beyond the scope of this paper. are given in Fig. 4c and d . Averaged over 2010-2018, due to the relatively high local emissions, annual mean sulfate-BC-POA concentrations contributed to by European emissions show peak values of 4 µg m −3 in E Europe. The slight increase in SO 2 emission from the GTC region (Fig. S1 ), which is opposite to the decreases in the other three subregions of Europe, also leads to high concentrations in GTC, with 2-4 µg m −3 contributed by European emissions. Due to the atmospheric transport from surrounding regions including northern Africa, the Middle East, and Russia-Belarus-Ukraine, non-European emissions account for 0.5-1 µg m −3 over SW Europe, E Europe, and the GTC area. Overall, local European emissions are the dominant sources of sulfate-BC-POA near-surface concentrations in Europe, with contributions larger than 80 % (60 %) in central areas (most of Europe). Non-European emissions are responsible for 30 %-50 % of the near-surface concentrations near the coastal areas and boundaries of the Europe that are easily influenced by aerosol regional transport. Figure 5 illustrates the source contributions in percentage of emissions from different regions of the globe to nearsurface aerosol concentrations and column burdens over the four subregions of Europe averaged over 2010-2018. Different aerosols have fairly different local/remote source attributions depending on the local to remote emission ratio and transport efficiency. European emissions explain 54 %-68 % of near-surface sulfate concentrations over the four subregions of Europe, with the largest local contribution in E Europe due to the relatively high emission rate. The emissions from Europe dominate BC and POA concentrations in Europe, with contributions in the range of 78 %-95 % and 58 %-78 %, respectively. The impact of local emissions on near-surface sulfate concentration is smaller than BC and POA. This is partially due to its less-efficient gas scavenging than the particles and the additional SO 2 -to-sulfate conversion process that increases the atmospheric residence time of sulfur. On the other hand, the higher initial injection height of SO 2 emissions from some sources (e.g., industrial sector and power plants) facilitates the lifting of SO 2 and sulfate aerosol into the free atmosphere and, therefore, favors longrange transport (Yang et al., 2019) . The efficient reduction of local SO 2 emissions in Europe also caused lower influences of local emissions on sulfate concentrations in recent years.
Anthropogenic emissions over oceans (e.g., international shipping) and natural emissions of oceanic dimethyl sulfide (DMS) and volcanic activities together account for 16 %-28 % of near-surface sulfate concentrations in the four subregions of Europe. About 10 % of sulfate and 5 %-10 % of BC and POA in E Europe and GTC come from Russia-Belarus-Ukraine emissions. Northern Africa contributes to 7 % of sulfate, 17 % of BC, and 24 % of POA over SW Europe. The contribution of emissions from the Middle East to aerosol concentrations in GTC are between 5 % and 10 %.
The transboundary and intercontinental transports of aerosols occur most frequently in the free troposphere rather than near the surface (Figs. S2 and S3 ). This also leads to larger relative contributions from non-European sources to aerosol column burdens than to the near-surface concentrations (Fig. 5) Since near-surface aerosol concentrations directly affect air quality and column burden is more relevant to radiative impact, the differences in relative contributions between near-surface concentrations and column burden highlight the possible roles of nonlocal emissions in either air quality or energy balance over Europe.
Source contributions to aerosols in Europe vary with season due to the seasonality of emissions and meteorology. In general, local sources have the largest contributions to both near-surface concentration and column burden of European aerosols in winter and the smallest contributions in summer (averaged over 2010-2018; outer rings in Fig. 6 ). With the contributions normalized by the ratio of the seasonal anthropogenic emission to the annual mean for each source, the impact of the seasonal variation in emissions on the source contributions can be removed (inner rings in Fig. 6) (Yang et al., 2019) . Without the influence of emission seasonality, local source contributions decrease in winter and increase in summer, indicating that it was the higher local anthropogenic emissions that result in the larger local source contributions to wintertime aerosols in Europe relative to other seasons. Sulfur sources over oceans account for one-fourth to one-third of the European sulfate concentration and burden in spring likely due to the strong westerlies in this season that transport aerosols from the North Atlantic Ocean to the Europe. Source contributions from Russia-Belarus-Ukraine and North America to BC and POA in Europe show strong seasonal variabilities, which can be explained by the changes in biomass burning emissions considering their large seasonal variability.
Source apportionment of long-term trends
Total sulfate-BC-POA concentrations decreased during 1980-2018 over all of the four subregions of Europe (Fig. 7) since near-surface aerosol concentrations in Europe are dominated by its local emissions and the European anthropogenic emissions have significantly decreased during this time period. Averaged over the entirety of Europe, near-surface concentrations of sulfate, BC, and POA decreased by 70 %, 43 %, and 23 %, respectively, between 1980-1984 and 2014-2018 , which is consistent with the decreases in local emissions (Table 1) . The total sulfate-BC-POA concentrations decreased by 62 %. With SOA included, this value does not have a substantial change (from 62 % to 59 %), and the decreasing trends in the four subregions of the Europe are not largely affected either. The column burden of sulfate, BC, POA, and the sum of these three decreased by 60 %, 28 %, 4 %, and 55 %, respectively, which are less than the decreases in corresponding near-surface concentrations. It is because nonlocal emissions have larger influences at high altitudes than at the surface, which partly dampened the contribution of near-surface aerosol decrease (induced by reductions in emissions) to the column integration.
The decrease in local European emissions explains 93 % of the reduced concentration and 91 % of the reduced burden in Europe between the first and last 5-year period of 1980-2018, while 8 %-9 % is contributed by the reduction in emissions from Russia-Belarus-Ukraine (Table 2 ). The decrease in emissions from North America also explains 10 % of the reduced column burden of sulfate-BC-POA in Europe from 1980-1984 to 2014-2018 . Along with the decreases in local emission contributions to near-surface sulfate-BC-POA concentrations in Europe, the fraction of non-European emission contributions increased from 10 %-30 % to 30 %-50 % during 1980-2018 ( Fig. 7) , indicating that aerosols from foreign emissions have become increasingly important to air quality in Europe through long-range transport. Regulations for further improvement of air quality in Europe in the near future need to take changes in non-European emissions into account.
Similar to the declining trend in column burden, simulated total AOD also decreased from 0.12-0.16 to 0.06-0.08 in NW Europe and SW Europe and from 0.19-0.21 to 0.09-0.13 in E Europe and the GTC region during the past 4 decades (Fig. 8) . Sulfate AOD accounts for the largest portion of total combustion AOD (sum of sulfate, BC, POA, and SOA) over the four subregions of Europe. The combustion AOD has decreased by 0.065 from 1980-1984 to 2014-2018 (Table 1) , with 0.059 (91 %) contributed by the decrease in sulfate AOD. Therefore, we focus on sulfate aerosol when examining the decadal changes in AOD and DRF in Europe below. The decreased sulfate AOD can also be decomposed into different contributions from individual source regions in CAM5-EAST. Local European emissions contribute to 89 % of the decrease, followed by 9 % and 7 % attributed to changes in emissions from Russia-Belarus-Ukraine and North America, respectively, with the residual offset by other (Tables 1 and 2) .
Future changes in sulfate DRF associated with European and non-European emissions based on eight SSP scenarios are also estimated and shown in Fig. 11, and Fig. S4 gives an estimate for each SSP scenario. Sulfate DRF contributed by both European and non-European emissions would decrease in the near future but has large variabilities between different SSPs. The sulfate DRF (cooling) over Europe contributed from local European emissions shows a de- 
Conclusions
Using a global aerosol-climate model with an explicit aerosol source tagging technique (CAM5-EAST), we examine the long-term trends and source apportionment of aerosols in Europe for 1980-2018 from 16 source regions covering the globe in this study. CAM5-EAST can capture well the spatial distribution and temporal variation in aerosol species in Europe during this time period.
Averaged over 2010-2018, European emissions account for 54 %-68 %, 78 %-95 %, and 58 %-78 % of near-surface sulfate, BC, and POA concentrations over Europe, respectively. Russia-Belarus-Ukraine emissions explain 10 % of sulfate in E Europe and GTC. Northern Africa contributes to 17 % of BC and 24 % of POA over SW Europe. Anthropogenic emissions over oceans (e.g., from international shipping) and natural emissions from marine and volcanic Figure 11 . Time series (2015-2050) of estimated annual mean sulfate DRF over Europe contributed by European and non-European emissions. Lines and areas represent median values and minimumto-maximum ranges of the estimated sulfate DRF from eight SSP scenarios, including SSP1-1.9, SSP1-2.6, SSP2-4.5, SSP3-7.0, SSP4-3.4, SSP4-6.0, SSP5-3.4, and SSP5-8.5. Future DRF of sulfate aerosol over Europe is estimated by scaling historical mean sulfate DRF using the ratio of SSPs future SO 2 emissions to historical emissions and assuming a linear response of DRF to regional emissions.
activities together account for 16 %-28 % of sulfate nearsurface concentrations in Europe. European emissions only account for 32 %-47 %, 57 %-75 %, and 51 %-71 % of column burden of sulfate, BC, and POA, respectively, in Europe, with the rest contributed by emissions from East Asia, Russia-Belarus-Ukraine, northern Africa and North America. Source contributions of aerosols in Europe vary with seasons, driven by the seasonality of emissions and meteorology.
Compared to 1980-1984, simulated total sulfate-BC-POA near-surface concentration and column burden for 2014-2018 had a decrease of 62 % and 55 %, respectively, the majority of which was contributed to by reductions in local European emissions. The decrease in emissions from Russia-Belarus-Ukraine contributed 8 %-9 % of the nearsurface concentration decrease, while the decrease in emissions from North America accounted for 10 % of the reduced column burden. With the large decrease in local emission contributions, aerosols from foreign sources became increasingly important to air quality in Europe. The decrease in sulfate led to a 2.0 W m −2 warming in Europe, with 12 % coming from changes in non-European emissions, especially in North America and Russia-Belarus-Ukraine. Based on the SSP scenarios and the assumed relationship between DRF and emissions, we estimated that sulfate DRF over Europe that was contributed from European emissions and non-European emissions should decrease at a comparable rate in the near future. This suggests that future changes in non-European emissions are as important as European emissions in affecting regional climate change associated with aerosols in Europe. It should also be noted that the model currently does not have the ability to simulate nitrate and ammonium aerosols, and, therefore, the conclusions may not hold with all aerosols.
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